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Abstract—This paper studies the performance of cache-enabled
dense small cell networks consisting of multi-antenna sub-6
GHz and millimeter-wave base stations. We first derive the
successful content delivery probability by accounting for the
key channel features at sub-6 GHz and mmWave frequencies.
In general, the optimal content placement is unknown when
the base stations have multiple antennas. Then we propose
a simple yet effective probabilistic content placement scheme
to maximize the successful content delivery probability, which
could balance caching both the most popular contents and
achieving content diversity. Numerical results demonstrate that
our proposed content placement scheme yields significantly better
performance than only caching the most popular contents. The
comparisons between the sub-6 GHz and millimeter-wave systems
reveal an interesting tradeoff between caching capacity and base
station density for the millimeter-wave system to achieve similar
performance as the sub-6 GHz system.
I. INTRODUCTION
To meet the high capacity requirement for the future mobile
networks, one promising solution is to deploy dense small
cell base stations (SBSs) in the existing macrocell cellular
networks. While more small cells shortens the communication
distance, the major challenge is to transfer huge amount of
mobile data from the core networks to the small cells and
this imposes stringent demands on backhaul links. To address
this problem, caching popular contents at small cells has been
proposed as one of the most effective solutions, considering the
fact that most mobile data are contents such as video, weather
forecasts, news and maps, that are repeatedly requested and
cacheable [1]. Cache-enabled small cells will bring content
closer to users, decrease backhaul traffic and reduce trans-
mission delays, thus alleviating many bottleneck problems in
wireless content delivery networks. This paper focuses on
the caching design at both sub-6 GHz, and millimeter-wave
(mmWave).
MmWave communication has received much interest for
providing high capacity because there are vast amount of
inexpensive spectra available in 30 GHz to 300 GHz. How-
ever, compared to sub-6 GHz frequencies, mmWave channel
experiences excessive attenuation due to rainfall, atmospheric
or gaseous absorption, and is susceptible to blockage. To
achieve similar performance as the sub-6 GHz systems, more
expensive resources are required in mmWave systems, such as
antennas [2] and high density deployment of SBSs [3]. In this
regard, caching can be a cost-effective alternative to boost the
performance of mmWave communications. Cache assignment
with video streaming in mmWave SBSs on the highway is
discussed in [4] and it is shown to significantly reduce the
connection and retrieval delays.
Content placement with limited cache size is the key issue in
caching design, since unplanned caching in nearby SBSs will
result in more interference. The traditional method of caching
most popular content (MPC) in wired networks is no longer
optimal when considering the wireless transmission. A strategy
that combines MPC and the largest content diversity caching
is proposed in [5], together with cooperative transmission in
cluster-centric small cell networks. This strategy is extended
to the distributed relay networks with relay clustering in
[6] to combat the half-duplex constraint, and it significantly
improves the outage performance. Caching distribution in
device-to-device (D2D) communication networks is studied in
[7] under a simple transmission strategy where a single file
is transmitted at a time. Several spatially correlated caching
strategies are investigated for D2D networks in [8] in contrast
to the baseline independent content placement.
The existing research for caching design in SBSs are
restricted to the single-antenna case and mainly for the sub-
6 GHz band. Little is known about the impact of multiple
antennas at the densely deployed cache-enabled SBSs and the
adoption of mmWave band. In this paper, we analyze the
performance of caching in multi-antenna SBSs in sub-6 GHz
and mmWave networks. We derive successful content delivery
probability (SCDP) of multi-antenna SBSs, and propose a
heuristic algorithm to maximize the SCDP via probabilistic
content placement. The numerical results show that in contrast
to the traditional way of deploying much higher density SBSs
or installing many more antennnas, increasing caching capac-
ity at mmWave SBSs provides a low-cost solution to achieve
comparable SCDP performance as sub-6 GHz systems.
II. SYSTEM MODEL
We consider a cache-enabled dense small cell networks
consisting of the sub-6 GHz and mmWave SBSs tiers. In such
networks, each user equipment (UE) in one tier is associated
with the nearest SBS that has cached the desired content.
We assume that there are a finite content library denoted
as F : tf1, . . . , fj , . . . , fJu, where fj is the j-th most
popular content and the number of contents is J . Each content
has the same size and each BS can only store up to M
contents. It is assumed that M ! J . The content request
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probability is modeled as the Zipf distribution and is given
by aj  jγ{
°J
m1m
γ , where γ is the Zipf parameter.
A. Probabilistic Content Placement
We consider a probabilistic caching model where the content
is independently stored with the same probability in all SBSs
of the same tier (either sub-6 GHz or mmWave) [9]. Let bj
denote the probability that the j-th content is cached at a SBS.
In the probabilistic caching strategy, the caching probability
tbju needs to satisfy
J°
j1
bj¤M , where 0 ¤ bj ¤ 1, @j.
B. Downlink Transmission
In the considered downlink networks, each sub-6 GHz SBS
is equipped with Ns antennas, and each mmWave SBS has
directional mmWave antennas. All UEs are single-antenna
nodes. The positions of sub-6 GHz SBSs are modeled by
a homogeneous Poisson point process (HPPP) Φs with the
density λs, and the positions of mmWave SBSs are modeled
by an independent HPPP Φmm with the density λmm. Define
Φsj and Φ
mm
j as the point process corresponding to all SBSs
that cache the content j in the sub-6 GHz tier and the mmWave
tier with the density bjλs and bjλmm.
1) sub-6 GHz Tier: In the sub-6 GHz tier, the maximum-
ratio transmission beamforming is adopted at each SBS. All
channels undergo independent identically distributed (i.i.d.)
quasi-static Rayleigh block fading. Without loss of generality,
when a typical sub-6 GHz UE located at the origin o requests
the content j from the associated sub-6 GHz BS Xo that has
cached this content, its received signal-to-interference-plus-












where Ps is the transmit power, hsj  Γ pNs, 1q is the channel
power gain between the typical sub-6 GHz UE and its serving
sub-6 GHz SBS and Γp, q denotes Gamma distribution. The
path loss is L
 Xsj   βs Xsj αs with the distance Xsj ,
where βs is the frequency dependent constant parameter and
αs is the path loss exponent. σ2s is the noise power at a sub-
6 GHz UE. The inter-cell interference are given by Isj °
iPΦsjzXo






where ΦsjzXo is the point process with density bjλs corre-




s  Φsj with density p1  bjqλs is the point process
corresponding to the interfering SBSs that do not store the
content j. hi,o, hk,o  exp p1q are the interfering channel
power gains that follow the exponential distribution.
2) mmWave Tier: In the mmWave tier, we assume that the
directional beamforming is adopted at each mmWave BS and
the small-scale fading is neglected, as verified by the practical
channel measurements such as [10]. Unlike the conventional
sub-6 GHz counterpart, mmWave transmissions are highly
sensitive to the blockage. According to the average line-of-
sight (LOS) model in [11–13], we consider that the mmWave
link is LOS if the communication distance is less than DL,
and otherwise it is non-line-of-sight (NLOS). Moreover, the
existing literature has confirmed that mmWave transmissions
tend to be noise-limited and interference is weak [11, 13].
Therefore, when a typical mmWave UE requests the content
j from the associated mmWave SBS that has cached this






where Pmm is the transmit power of the mmWave SBS, Gmm
is the main-lobe gain of using direction beamforming and
equal to the number of antenna elements [14]. The path loss is
expressed as L
 Y mmj   βmm Y mmj α with the distanceY mmj  and frequency-dependent parameter βmm. The path
loss exponent α  αL when it is a LOS link and α  αN
when it is an NLOS link. σ2mm is the combined power of
noise and weak interference.
III. SUCCESSFUL CONTENT DELIVERY PROBABILITY
In this paper, SCDP is used as the performance indicator,
which represents the probability that a content requested by
a typical UE is both cached in the network and can be
successfully transmitted to the UE. Assuming that each content
has η bits, which needs to be delivered during the time T . By
using the law of total probability, the SCDP in the sub-6 GHz









where ϕs  2
η
WsT  1, Ws is the sub-6 GHz bandwidth.









where ϕmm  2
η
WmmT  1, and Wmm denotes the mmWave
bandwidth. The rest of this section is devoted to deriving the
SCDPs in (3) and (4).
A. sub-6 GHz Tier
Based on (1) and (3), the SCDP in the sub-6 GHz tier can
be derived and summarized below.





ajPsj,SCD pbjq , (5)
where P sj,SCD pbjq denotes the probability that the j-th request
content is successfully delivered to the sub-6 GHz UE by its
serving SBS, and is expressed as
P sj,SCD pbjq 
» 8
0
P scovpx, bjqf|Xsj |
pxqdx, (6)
where P scovpx, bjq is given by (7), which represents the con-
ditional coverage probability that the received SINR is larger
than ϕs given a typical communication distance x. f|Xsj |pxq is
the probability density function (PDF) of the distance
Xsj 
between a typical sub-6 GHz UE and its nearest serving






















































where Θ ﬁ tttqunq1|
n°
q1
q  tq  n, tq is an integer,@nu, csc pq is the Cosecant trigonometry function, and







αs  2   2 p1   ϕsq 2F1






p1   ϕsq pαs  1qαs










T pqqj pxαsq 2pibjλsq!p1qqxp2 αsqp1 qqϕqp1 qqs
2F1
























αsΓ p1   qq
, q ¡ 1. (9)



















where P scovpx, bjq is the conditional coverage probability, and
f|Xsj |
pxq is the PDF of the distance
Xsj . Then, we derive
P scovpx, bjq as























pIsj ¤ τ	 (11)




























By using (12), (11) can be rewritten as















where LIsj pq is the Laplace transform of the PDF Isj , and
LIsj pq is the Laplace transform of the PDF I
s
j . Then LIsj psq
is given by



























Likewise, LIsj psq is given by

























 2pi p1  bjqλsrdr
ﬀ
. (15)
Substituting (14) and (15) into (13) and after some manip-
ulations, we can obtain the desired result (7).
Note that P sj,SCD pbjq becomes the probability of successful
transmission from the serving SBS to the typical user when
bj=1 in traditional sub-6 GHz networks without caching.
B. mmWave Tier
Based on (2) and (4), the SCDP in the mmWave Tier can
be derived and summarized below.









where Pmm,Lj,SCDpbjq and Pmm,Nj,SCDpbjq denote that probabilities
that the content j is successfully delivered when the mmWave
UE is connected to its serving mmWave SBS via LOS link
and NLOS link, and are given by




Lpibjλmm  epmax pDL,dNqq
2pibjλmm , (18)










Proof 2: Based on (2) and (4), the SCDP for a LOS
























where f|Y mmj |pyq is the PDF of the distance
Y mmj  between
a typical user and its serving mmWave SBS, which is given
by f|Y mmj |pyq  2pibjλmmye
pibjλmmy
2
and y ¥ 0. Similarly,



















Thus, we obtain the SCDP expressions (17) and (18) for a
LOS/NLOS mmWave link.
IV. OPTIMIZATION OF PROBABILISTIC CONTENT
PLACEMENT
In this section, we seek to maximize the SCDP by opti-
mizing the probabilistic content placement tbju. The main
difficulty is that the SCDP expressions (5) and (16) do not
have a closed-form solution for the multi-antenna case, which
is much more challenging than the single-antenna SBS case
studied in [15]. To tackle this problem, here we propose a
heuristic algorithm based on the combination of MPC and CD
content placement scheme. In the proposed scheme, a fraction
of caching space εM (0 ¤ ε ¤ 1) at a SBS is allocated
to store the most popular contents which is called the MPC
region. The remaining cache space is allocated to randomly
store the contents with certain probabilities and is called the
CD region.
In this scheme, the content placement probabilities tbju
need to satisfy the following conditions:
bj 
$'&'%
1, j P r1, . . . , tεM us;
$, j P rtεM u  1, ..., tεM u  tp1  εqM{$us;
0, j P rtεM u  tpM  εMq {$u  1, ..., Js,
(21)
which are characterized by two variables ε and $, where $
denotes the common probability value that a content in the
CD region is stored at a SBS.
As such, the SCDP of the sub-6 GHz tier or mmWave tier









It is seen in (22) that contents t1,    , tεM uu
have the same SCDP Ps,mmj,SCD p1q, and contents!





have the same SCDP
Ps,mmj,SCD p$q. Our aim is to maximize the overall SCDP, and




s.t. C1 : 0 ¤ ε ¤ 1,
C2 : 0 ¤ $ ¤ 1,
C3 : 1 pε  1q$  0, (23)
where 1 pAq is the indicator function that returns one if the
condition A is satisfied. The problem (23) is non-convex, and
finding its global optimal solution is challenging. To obtain an























respectively, based on the fact that for Zipf popularity














Therefore, the objective function of (22) can be approximated
as
















Note that for the special case of MPC caching, i.e., ε  1, $ 
0, the above reduces to rPs,mmSCD  Ps,mmj,SCD p1q M1γ1J1γ1 .




s.t. C1 – C3. (26)
Since ε and $ are coupled in the objective function of (26), we
use a decomposition approach to solve this problem. Because
M1γ is always positive, given $, the optimal ε is obtained
by solving the following equivalent sub-problem:
max
0¤ε¤1
















independent of ε. Thus, we have the following theorem.
Theorem 3: The optimal solution of the problem (27) is
given by













Proof 3: Let f1 pεq denote the objective function of the
problem (27). We can obtain the first-order and the second-






































respectively, where K  ε   1ε$ . Note that `s,mmo ¥ 1 and
1γ
J1γ1 ¡ 0, so we get
B2f1pεq
Bε2 ¤ 0, which means that f1 pεq
is a concave function w.r.t. ε. By setting Bf1pεqBε to zero, we
obtain the stationary point εo.
Note that 0 ¤ $ ¤ 1, and `
s,mm
o 1
$11 ¥ 0, we have εo ¥ 0.
To obtain the optimal ε, we need to consider the following
cases:
 Case 1: 0 ¤ εo   1. In this case, the optimal solution of
the problem (27) is ε  εo.
 Case 2: εo ¥ 1. In this case,
Bf1pεq
Bε ¥ 0 for ε P r0, 1s, and
thus the optimal solution of the problem (27) is ε  1.
Based on the above cases, we obtain (28) and complete the
proof. For εo to be in the range of r0, 1s, $ should satisfy
0 ¤ $ ¤ 1
`s,mmo
.
Consequently, the problem (26) reduces to the following








Since the problem (31) is non-convex, the optimal value can
be found via one-dimensional search.
V. RESULTS AND DISCUSSIONS
In this section, the performance of the proposed caching
scheme are evaluated using numerical results. Performance
comparison between cache-enabled sub-6 GHz and mmWave
systems is also highlighted. The system parameters are shown
in Table I, unless otherwise specified. 1 GHz and 60 GHz





Number of Antenna in sub-6 GHz-SBS(Ns) 2
Main-lobe Array Gain in mmWave-SBS (Gmm) 2
LOS region (DL) 15 m
Transmit power of each sub-6 GHz-SBS Ps 20 dBm
Transmit power of each mmWave-SBS Pmm 20 dBm
SBS’s density for sub-6 GHz and mmWave λs,λmm=600/km2
Path loss exponent fc=1 GHz αs=2.5
Path loss exponent fc=60 GHz [17] αL=2.25,αN=3.76
Bit rate of each file (η{T ) 4 105bit/s
Available bandwidth in sub-6 GHz (Ws) 10 MHz
Available bandwidth in mmWave (Wmm) 1 GHz
SBS cache capacity (M ) 100
Content library size (J) 104
Zipf parameter γ 0  2
M













































Fig. 1. Successful content delivery probability for sub-6 GHz single antennas.
In Fig. 1, we compare the performance of the proposed
content placement scheme with the optimal solution [15]
and the MPC scheme in the sub-6 GHz single-antenna case.
Note that in the general multi-antenna setting, the optimal
content placement is still unknown. The SCDP with different
caching capacity M is shown in Fig. 1. It is observed that the
proposed scheme provides close-to-optimal and significantly
better performance than the MPC solution, especially when
γ is small. The MPC solution is the worst caching scheme
because it ignores the content diversity which is particular
important when the content popularity is more uniform.
Fig. 2 shows the SCDPs comparison of various systems with
different caching capacities M . It shows that the proposed
content placement scheme performs consistently better than
MPC, especially for smaller caching capacities. The results
also indicate that sub-6 GHz always has a superior perfor-
mance compared to the 60 GHz mmWave with the same SBS
density.
Finally, we investigate the cache-density tradeoff and its
implication on the comparison of sub-6 GHz and mmWave
systems using the proposed content placement scheme. Fig. 3
M



































Fig. 2. The impact of M on the successful content delivery probability,γ 
1.5.
M












































Fig. 3. Cache-density tradeoff , γ  1.5.
demonstrates the SCDPs with different caching capacity M ,
SBS densities λs and λmm. It is observed that the sub-6 GHz
channel is usually better than the mmWave channel, so with
the same SBS density, sub-6 GHz achieves higher SCDP. To
achieve performance comparable to that of the sub-6 GHz
system with SBS density of 600{km2, the mmWave needs
to deploy SBSs with a much higher density of 1000{km2, but
the extra density of 4λmm =400 /km2 is too costly to afford.
Fortunately, by increasing the caching capacity from 10 to
19, the mmWave system can achieve the same SCDP of 82%
as the sub-6 GHz system while keeping the same density of
600{km2. This result shows great promise of cache-enabled
small cell systems because the relatively cheap storage can
compensate the expensive infrastructure.
VI. CONCLUSION
This paper we have investigated the performance of caching
in sub-6 GHz and mmWave multi-antenna dense networks to
improve the efficiency of content delivery. Using stochastic
geometry, we have analyzed the successful content delivery
probabilities and demonstrated the impact of various system
parameters. We designed a novel caching scheme to maximize
the successful content delivery probability with low complex-
ity, and it has been shown to achieve near-optimal performance
in the single-antenna case. An important implication of this
work is that to reduce the performance gap between the sub-
6 GHz and mmWave systems, increasing caching capacity is
a low-cost and effective solution compared to the traditional
measures such as using more antennas or increasing SBS
density. As a promising future direction, to study cooperative
caching in a hybrid sub-6 GHz and mmWave system could
further reap the benefits of both systems.
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